INTRODUCTION
The two major pathological hallmarks of Alzheimer's disease (AD) are the deposition of amyloid- (A) plaques and the formation of neurofibrillary tangles (1) . The initial event of the amyloid cascade hypothesis is the misfolding of A peptides, followed by their aggregation to form insoluble plaques, leading to further neuronal loss and, ultimately, AD dementia (2-4). The misfolded polypeptides are usually rich in  sheet conformation and aggregate to form oligomers, fibrils, and senile plaques (SPs). Such a protein aggregation mechanism has been increasingly recognized to exist in a range of neural degenerative diseases, including AD, Huntington's disease, Parkinson's disease, prion disease, etc (5) (6) (7) (8) . However, the amyloid hypothesis has been long debated, indicating the lack of thorough understanding of the fate of A peptides and their relationship with other parameters of the disease, such as the tau pathology (9) (10) (11) (12) (13) (14) . Novel imaging techniques that are sensitive to protein misfolding may benefit AD research and shed new light on the biology and pathology of protein conformational diseases.
Several imaging methods have been developed to detect A in various conditions. Positron emission tomography imaging has been used to probe brain-wide A contents with the aid of radiotracers (15, 16) . Different staining methods have been readily established for histological studies of A plaques. Congo red is a commonly used dye for staining misfolded proteins because of its strong binding affinity to  sheet conformation (17) . Congo red is also commonly combined with polarization microscopy to study the linear optical birefringence of the plaques (18) . A variety of antibodies have been developed for the immunohistochemical detection of A in AD (19) . Moreover, several dyes, including thioflavin S and methoxy XO4, have been used for two-photon imaging and longitudinal in vivo observations of the progressive aggregation of SPs (20) (21) (22) . Despite these successes, the potential interference of the labeling molecules with protein misfolding and aggregation remains a concern and introduces complexities in the experimental design and data interpretation (17, 20) . Label-free imaging methods would effectively avoid the issues induced by exogenous molecules and may provide new tools for AD imaging.
Until now, vibrational spectroscopies have been the most promising label-free methods to probe the misfolding of proteins (23) (24) (25) (26) . Infrared (IR) and Raman spectroscopy are capable of revealing the conformational changes of proteins via the spectral changes of the amide bands (24, (27) (28) (29) . In particular, the amide I vibration of the polypeptide backbone has been found to be most sensitive to the secondary structural changes of proteins (23, (30) (31) (32) . While IR spectra show a red shift of the amide I band upon fibril formation (24) , Raman spectra demonstrate a blue shift of the same vibrational mode (29) . Although IR absorption is advantageous in strong signal intensity due to optical resonance, it suffers from overwhelming water absorption in biological tissues and requires thin sectioning or the use of deuterated water. On the other hand, Raman spectroscopy is much more compatible with biological specimens, but its weak signal intensity has resulted in slow imaging speed and limited the direct applications in biomedical imaging. Various methods have been developed to enhance the Raman process, such as surface-enhanced Raman scattering (33) , tip-enhanced Raman scattering (34) , resonance Raman scattering (35) , and coherent Raman scattering (CRS) spectroscopy and microscopy (36, 37) . CRS microscopy takes advantage of the coherent nature of the nonlinear optical process with Raman signal enhanced by several orders of magnitude and hence is capable of performing rapid, label-free chemical imaging for various biomedical applications (38) (39) (40) . Although there exist two major types of CRS microscopes, coherent anti-Stokes Raman scattering (CARS) microscopy and stimulated Raman scattering (SRS) microscopy, SRS is generally considered to be superior in maintaining undistorted Raman spectra and more convenient to conduct quantitative analysis (36, 41, 42) .
In this study, we investigated the capability of SRS microscopy to rapidly image A plaques in brain tissue from the APPswe:PS1dE9 (APP:PS1) mouse model of AD. We found that the amide I band of A protein is blue shifted by ~10 cm −1 when forming fibrils and SPs, which could be effectively applied to distinguish native and misfolded proteins in AD brain tissues via multicolor SRS imaging.
RESULTS

SRS spectral characterization of A
The optical setup and principle of SRS microscopy are illustrated in Fig. 1A and explained in detail in Materials and Methods. SRS is capable of selectively imaging different biomolecules based on their intrinsic Raman spectra, such as lipids, proteins, and nucleic acids (39, 42) . Most previous studies were using Raman-active vibrational modes from various chemical bonds and groups, including the CH bonds of lipids and proteins, amide group of proteins, O-P-O group of nucleic acids, C=C bonds of unsaturated lipids, C≡C bonds of alkyne-tagged molecules, etc (43) (44) (45) . Among these vibrational modes, amide I band is known to be highly sensitive to the secondary structural changes of proteins, that is,  helix to  sheet transitions. Therefore, SRS microscopy targeting the amide I region has the potential to image protein misfolding. We have synthesized A fibrils with their morphologies verified by atomic force microscopy (AFM), as shown in Fig. 1B . Spontaneous Raman spectra of lipids, A peptides, and misfolded fibrils are shown in Fig. 1C . As can be seen, the formation of  sheet-rich fibrils results in a narrowed and blue-shifted peak in the amide I band, with the peak position changed from 1658 to 1670 cm −1 , which agrees with previous studies (27, 28, 31) . In contrast, the CH stretch modes are insensitive to the secondary structural changes of proteins, showing almost identical spectra in the region (2800 to 3200 cm −1 ; fig. S1 ). We measured SRS spectra of the above three components with a spectral resolution of ~8 cm −1 , and the spectral shapes were well preserved (Fig. 1D) , which is one of the most important advantages of SRS compared with CARS microscopy. Because the spectral shift of amide I band is around 10 cm −1 , it requires an SRS microscope with sufficient spectral resolution to differentiate the two Raman bands. At this point, picosecond narrow band laser-based SRS has the best spectral resolutions, while femtosecond laser-based methods usually have worse than resolutions of 20 cm −1 and hence may not be suited for these studies. These SRS spectra of different components will serve as the basis for quantitative numerical decomposition for the later spectral imaging data analysis based on linear algebra.
Imaging amyloid plaques in thin frozen sections via SRS microscopy
We first evaluated the capability of SRS microscopy to image A plaques in transgenic mouse brain tissues. Ten-micrometer-thick, snap-frozen sections were imaged with a hyperspectral SRS microscope that ranged from 1602 to 1725 cm −1 . We selected three SRS images at the Raman frequencies of 1640, 1658, and 1670 cm −1 to extract the three components of lipids, normal proteins, and A plaques. In images taken at 1640 cm −1 , the general tissue architectures can be seen but appear relatively homogeneous, with minimum contrast of the amyloid plaque ( Fig. 2A) . In images taken at 1658 cm −1 , the overall signal strength of normal tissues has reached the maximum, and the shape of the plaques starts to appear (Fig. 2B ). In addition, in images taken at 1670 cm −1 , while the intensities of normal tissues slightly decrease, the plaques reach their maximum brightness and show the highest contrast (Fig. 2C ). This Raman frequency representing  sheet conformation agrees very well with previous spontaneous Raman measurements (26, 28, 31) . To extract the contents of lipids, normal proteins, and amyloid plaques, we applied the linear decomposition algorithm that has been commonly used previously (39, 42, 46) . The algorithm requires preknowledge of the SRS spectral intensities of each target chemical component, which has been measured on pure lipids, bovine serum albumin, and amyloid fibrils. A representative three-color image showing the distributions of the aforementioned components is shown in Fig. 2D , where the amyloid plaques could be visualized (cyan). In addition, protein-rich cellular structures (blue) and lipid-rich white matters (green) are also revealed, providing microscopic structural and chemical contrast of APP:PS1 transgenic mouse brain tissues. SRS spectra at marked locations are shown in Fig. 2E , verifying the spectral signatures of cells, white matters, and amyloid plaques in the fingerprint region.
To further confirm that the plaques detected by SRS spectral imaging are amyloid plaques, we performed both antibody staining and SRS on the same frozen tissue sections for comparison. Since SRS microscopy is noninvasive, tissue sections were first imaged with SRS and then followed by staining with anti-A antibody (ab2539, Abcam) to selectively label A. Stitched large-area images of coronal brain sections from an APP:PS1 mouse are shown in Fig. 3A . Normal brain architectures are easily visualized in both images, including the cortex, white matters, hippocampus, and dentate gyrus. In regions where amyloid plaques are detected immunohistochemically, three-color SRS could also successfully image them with one-to-one correlation (Fig. 3B) . This indicates that, by extracting fine spectral information, SRS microscopy could robustly probe misfolded proteins in amyloid plaques in frozen brain tissues. However, the amide I spectral signature is so sensitive to protein conformational change that extra care needs to be taken if the tissue processing will induce additional structural changes. For instance, we observed that tissue fixation might have disrupted protein conformations, resulting in the loss of SRS spectral signature of the amyloid plaques, although their macroscopic morphologies remain visible ( fig. S2 ).
SRS microscopy of amyloid plaques in fresh brain tissues
We next imaged fresh, unprocessed brain tissues from the same transgenic mouse model. Compared with frozen tissues, fresh specimens have the advantages of better-preserved tissue architectures, free of the artifacts caused by tissue processing such as freezing and sectioning artifacts that result in cracks and unevenness in SRS images (Figs. 2 and 3 ). Three-color SRS images of 1-mm-thick fresh brain sections are demonstrated in Fig. 4 , showing the raw images taken at 1658, 1670, and 1680 cm −1 (Fig. 4, A to C) . Similar to the results in frozen tissues, images at 1658 cm −1 have the maximum intensity of normal tissues; images at 1670 cm −1 show the maximum brightness of the plaques; and images taken at 1680 cm −1 demonstrate increased contrast of the surrounding cells, although the overall intensities have dropped to about 50%. The same numerical decomposition method was applied to decompose the raw images into the distributions of lipids (green), normal proteins (blue), and amyloid plaques (magenta). Major tissue histological features are visualized, including the normal tissues, cells, and dense SPs (Fig. 4D) , with their SRS spectra plotted in Fig. 4E to prove their distinct spectral identities. One interesting phenomenon revealed by the three-color SRS is that each plaque is surrounded by a lipid-rich halo structure ( fig. S3 ), which might originate from the degenerated neurites and myelin sheaths. However, the relationship between this halo structure and the amyloid plaque is not yet clear, nor is the role this structure plays in the development of disease; resolution of these questions awaits further investigation. More quantitative chemical analysis of the plaque, halo, and normal tissues can be found in fig. S4 .
We further compared the results of our label-free imaging technique with that of staining methods. Since antibody staining is difficult to perform on thick tissues, we applied fluorescence dye labeling with thioflavin S, a molecule that binds to -pleated sheet conformation. After we imaged the fresh thick tissues with SRS, they were fixed and labeled with thioflavin S and then imaged with twophoton-excited fluorescence (TPEF) microscopy. Here, we mainly use a two-color SRS at 1658 and 1670 cm −1 to extract the content of amyloid plaques, while normal proteins with similar Raman peak frequency to lipids are included in the lipid channel. Both SRS and TPEF images of the same plaques are shown in Fig. 5 , with near to perfect correlation between the two imaging modalities. Minor differences might be due to the changes induced by tissue processing and slightly different imaging depths. These results strongly support that SRS microscopy could indeed image misfolded amyloid proteins in fresh brain tissues without any exogenous labels.
Most SRS and CARS studies were conducted in the high-frequency CH stretch region (2800 to 3100 cm −1 ) because of the highest signal intensity acquired in this window. We also performed hyperspectral SRS microscopy in the high-frequency region on amyloid plaques in fresh APP:PS1 mouse brain tissues. Figure 6 shows the results of the same plaque that has been imaged in Fig. 4 in the fingerprint region, replicating major tissue structures. In the image taken at 2850 cm −1 , lipid-rich normal brain and the halo structures are seen, while the dense plaque and cell nucleus appear dark (Fig. 6A) . In contrast, the image taken at 2930 cm −1 shows a strong signal of both proteins and lipids; thus, both the plaque and the cells, as well as the overall tissue, appear bright (Fig. 6C ). An additional image taken at 2880 cm −1 is also shown in Fig. 6B , where the dense plaque has slightly higher relative peak intensity at this frequency due to higher protein concentration. SRS spectra of the plaque, cell nucleus, and the halo are shown in Fig. 6E . Unlike the spectra in the fingerprint region, we observed no frequency shift between normal proteins and dense plaques in the high-frequency region, echoing with the spontaneous Raman measurements where normal and misfolded proteins appear roughly the same ( fig. S1 ). Therefore, it is difficult to spectrally differentiate amyloid plaques and normal intracellular proteins in the CH window with simple linear decomposition algorithm (39, 42) , even when using the three-channel images taken at the above Raman frequencies. Only two-color SRS images could be reconstructed with lipid (green) and protein (magenta) contrast, as shown in Fig. 6D , where the proteins in the plaques and cell nucleus are not well distinguished. Therefore, although CH stretch region gives higher signal intensity, it is not preferred to image protein conformational changes. Moreover, from the lipid/protein analysis ( fig. S4 ), we could readily see that the surrounding halo structures are rich in lipids, which is likely due to the deposition of degenerated myelin after neuronal death. Careful comparison between the images taken in the fingerprint and CH stretch regions reveals several differences between them. First, myelinated axons are visualized more clearly in the CH than in the fingerprint region. The Raman signal (2850 cm −1 ) is mainly contributed from the CH 2 stretch modes of lipids, whereas the Raman band (1660 cm −1 ) is mainly from C=C bonds of unsaturated lipids and the amide I band of proteins. Since myelin lipids are mostly composed of cholesterol and cerebroside (47) , the much higher number of CH bonds than C=C bonds leads to better contrast of myelin sheaths in the channel (2850 cm −1 ). Second, the morphologies of the amyloid plaques are not identical in the two spectral windows. This might be due to the mixed contents of normal and misfolded proteins detected in the CH stretch region, in contrast to the more  sheet-specific imaging of amyloid proteins in the fingerprint region.
DISCUSSIONS
Among all the specimens we measured, fresh tissues have the best SRS spectral and imaging qualities. A comparison between Figs. 2E and 4E indicates that the signal-to-background ratio I 1670 /I 1610 increases from ~4 in frozen tissues to ~6 in fresh tissues. Relatively higher background of frozen tissues might come from higher crossphase modulation of dry tissue sections without water immersion (see Materials and Methods). These spectral differences, although insignificant, have resulted in slightly different choices of spectral channels to optimize three-color images (Figs. 2 and 4) . Our current work does not present in vivo imaging results, which is mainly because of the limited imaging speed (~5 s per frame) in the weak amide I region that would cause severe motion artifacts. Nevertheless, with improved laser parameters (such as the repetition rate and pulse duration) and SRS signal intensities, it is possible to achieve live animal imaging just as we have demonstrated in the CH stretch region (38) (39) (40) .
Compared with labeling methods, SRS microscopy detects more histological changes induced by diseases, some of which may not be revealed by specific labeling. For instance, thioflavin S staining could efficiently label SPs, but it does not detect the halo structures surrounding the plaque cores. In contrast, SRS microscopy not only detects the A plaques but also reveals the morphological changes of the nearby tissues (Fig. 5) . Hence, SRS has the advantage of visualizing histological features, containing biomolecules that are insensitive to various staining methods, and may be able to discover new phenomena at the tissue level.
Spontaneous Raman spectroscopy is advantageous in acquiring spectra with much wider range and higher spectral resolution and hence provides better chemical resolution and specificity when combined with proper spectral analysis techniques (26) (27) (28) . In contrast, current SRS microscopy is superior in rapid, high-quality imaging to resolve only a few chemical components based on more obvious spectral differences within a narrower range (39, 40) . Although recent spontaneous Raman microscopy has shown promise in imaging amyloid plaques and neurofibrillary tangles, it took ~50 ms per pixel to acquire decent images (31) . Whereas in our work, only 10 s per pixel was needed to achieve better image contrast.
It is much more important but challenging to probe trace amount of A in AD tissues because A oligomers are believed to be the more toxic species and to play a key role in disease development. The limited sensitivity, spectroscopy, and large tissue backgrounds in current SRS systems have prevented the detection of small aggregates of A fibrils. Therefore, improving the spectral quality of SRS microscopy by pushing forward the hyperspectral imaging capability might ultimately enable the detection of oligomers and diffuse plaques (46, (48) (49) (50) , even holding promise for imaging of the hyperphosphorylated tau in neurofibrillary tangles based on their Raman signatures (31, 51) .
CONCLUSIONS
In summary, we have applied multicolor SRS microscopy to detect amyloid plaques in brain tissue from a transgenic mouse model of AD. The spectral shift of the amide I band of  sheets allows us to differentiate misfolded A from normal proteins and lipids. Thus, the three-color SRS in the fingerprint region could successfully image the histo-architectures of SPs, cells, and normal brain tissues in both frozen sections and fresh brain tissues. In contrast, Raman spectra in the high-frequency CH stretch region are insensitive to protein conformational changes and thus could not be easily applied for imaging plaques. Our work provides a new method to image amyloid plaques in a label-free manner and may open up new opportunities for studying AD and other protein misfolding diseases.
MATERIALS AND METHODS
SRS microscope
A detailed description of the SRS microscope can be found in previous works (36, 39, 43) and is illustrated in Fig. 1A . We used the Stokes beam from the fundamental output at 1064 nm and a tunable pump beam (650 to 1000 nm) from an optical parametric oscillator (picoEmerald, APE GmbH, Germany). The two pulse trains were spatially and temporally overlapped, delivered into a laser scanning microscope (FV300, Olympus), and focused onto the sample. The pump beam was modulated at a high frequency (10 MHz) using an electro-optical modulator. The small fraction of SRS signal over the large pump intensity (I/I < 10 −4 ) was detected by a home-built lock-in amplifier with a time constant of ~1 s (38) . A pump power of ~60 mW and a Stokes power of ~100 mW were used at the sample, after the microscope objective (numerical aperture, 1.2; UPLSAPO 60XWIR, Olympus). SRS images at the amide I region were taken at ~5 s per frame, with an image size of 512 by 512 pixels and a dwell time of 10 s per pixel; a spectral imaging of 40 images took ~4 min. Same-sized images in the high-frequency CH stretch region were taken at ~1 s per frame with a dwell time of 2 s per pixel. The lateral image resolution is ~400 nm, and the axial resolution is ~2 m. The spectral resolution of our SRS system is ~8 cm −1 .
Synthesis of A fibrils
A peptides were purchased from Chinese Peptide Ltd. (Hangzhou, China). A peptides were first dissolved in phosphate-buffered saline, followed by incubation at 37°C for ~10 days to form mature fibrils.
Spontaneous Raman measurements
A home-built Raman spectrometer, including a monochromator (iHR320, Horiba), a charge-coupled device camera (Symphony, Horiba), and a microscope (IX71, Olympus), was used to measure all the spontaneous Raman scattering spectra. A fibrils were condensed by evaporating the water in vacuum, and the residual thin film was used for spontaneous Raman measurements. To reduce autofluorescence, quartz slides and cover slips were used instead of normal glass.
Transgenic mouse model of AD APP:PS1 double transgenic mice were purchased from the Jackson Laboratories. These mice overexpressed mutant human amyloid precursor protein gene containing the Swedish mutation K594N/ M595L and the delta E9 mutant human presenilin 1 gene under the control of the prion promoter. Their AD neuropathology is well characterized, with plaque deposition starting at 5 months of age (52, 53) .
Fresh tissue preparations
Fresh APP:PS1 mouse brains were taken from sacrificed mice, put in a brain slicer, and sliced to 1-mm-thick tissue sections with razor blades. Each fresh tissue section was placed in a half-inch hole in a glass slide and sealed in between two cover slips sandwiching the soft specimens, making homogenous contact between the tissue and the coverslips to ensure optimum imaging planes for SRS imaging.
Frozen sectioning and antibody staining APP:PS1 mouse brains were snap frozen in liquid nitrogen after they were freshly taken from sacrificed mice. Thin frozen sections (~10 um) were prepared with a cryotome, dried in vaccum, covered with a coverslip, and imaged directly under an SRS microscope. Anti-A antibody ab2539 was purchased from Abcam (Cambridge, MA) and used to stain the frozen sections after they were imaged with an SRS microscopy.
Dye labeling of thick tissues
Fresh sections from APP:PS1 mouse brain were fixed in 4% paraformaldehyde for 15 min. Amyloid plaques were stained with 0.025% thioflavin S in ethanol for 8 min. Sections were washed with water for 3 min and then mounted onto cover slides.
Two-photon imaging of labeled plaques
Two-photon fluorescence images were obtained using a Zeiss LSM 510 confocal laser scanning microscope (Carl Zeiss MicroImaging, Jena, Germany). Thioflavin S was excited at 750 nm with a modelocked Ti-sapphire laser (Chameleon, Coherent Inc., Santa Clara, CA), and fluorescence emission was collected in the range of 535 to 590 nm.
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